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Abstract. Since distributed satellite observations of eleva-
tion change and velocity became available in the 1990s,
Thwaites, Pine Island, Haynes, Pope and Kohler glaciers,
located in Antarctica’s Amundsen Sea Sector, have thinned
and accelerated in response to ocean-induced melting and
grounding-line retreat. We develop a crevasse image segmen-
tation algorithm to identify and map surface crevasses on the
grounded portions of these glaciers between 2015 and 2022
using Sentinel-1A satellite synthetic aperture radar (SAR)
imagery. We also advance a geometric model for firn ten-
sile strength dependent on porosity and the tensile strength of
ice. On Pine Island and Thwaites glaciers, which have both
accelerated since 2015, crevassing has expanded tens of kilo-
meters upstream of the 2015 extent. From the crevasse time
series, we find that crevassing is strongly linked to principal
surface stresses and consistent with von Mises fracture the-
ory predictions. Our geometric model, analysis of SAR and
optical imagery, and ice-penetrating radar data suggest that
these crevasses are near-surface features restricted to the firn.
The porosity dependence of the near-surface tensile strength
of the ice sheet may explain discrepancies between the ten-
sile strength inferred from remotely sensed surface crevasse
observations and tensile strength measured in laboratory ex-
periments, which often focus on ice (rather than firn) frac-
ture. The near-surface nature of these features suggests that

the expansion of crevasses inland has a limited direct impact
on glacier mechanics.

1 Introduction

Crevasses, common to almost all glaciers, are the result of
macroscopic material failure due to the progressive accu-
mulation of micro-cracks and voids in glacier ice (Schulson
et al., 1989; Vaughan, 1993; Veen, 1999; Colgan et al., 2016).
These cracks and inclusions can affect glacier mechanics by
promoting iceberg calving (Berg and Bassis, 2022), chang-
ing the bulk density and viscosity of glaciers (Meier et al.,
1994), and efficiently routing water to the englacial and sub-
glacial hydrology systems (Chudley et al., 2021). Despite the
connection to englacial stress and water storage and the im-
plications for ice-sheet mass balance, the physical properties
of ice that control the mechanics of fracture remain poorly
constrained across the Greenland and Antarctic ice sheets
(e.g., Bassis and Walker, 2012; Ultee and Bassis, 2016; Al-
ley et al., 2023). As a result, ice fracture has been suggested
as one of the larger sources of uncertainty in projections of
future ice-sheet mass loss in the next century (Alley et al.,
2023). Despite new observations of ice-shelf crevasses and
ice-shelf crevasse density change (Izeboud and Lhermitte,
2023; Surawy-Stepney et al., 2023a, b), no study has yet pro-
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duced a comprehensive time series of crevasse area change
on grounded ice or assessed the potential impact or con-
nection of surface crevasses in these regions on theoretical
fracture-based retreat instabilities (i.e., DeConto and Pollard,
2016).

Crevasses typically form near the floating margins of ice
sheets where horizontal strain rates are high (Lai et al., 2020).
Here, simple empirical relationships between iceberg calving
rate and horizontal ice divergence suggest a strong relation-
ship between tensile strain rates and full-thickness crevasse
penetration (Alley et al., 2008). These observations agree
with laboratory experiments that measure the strain response
of ice under different applied tensile stresses to determine
the critical tensile strength, the critical tensile stress beyond
which ice fractures.

In laboratory experiments, the tensile strength of ice de-
pends strongly on ice temperature. For temperatures com-
mon in Earth’s ice sheets, ice fails when effective stresses
exceed a threshold between 1 and 3 MPa (Haynes, 1979).
Similar experiments conducted on loose snow to understand
the failure behavior of avalanche slabs have found that snow
crystal lattices fail under significantly lower stresses (as low
as ∼ 10 kPa; McClung, 1978). Tensile strengths inferred
from satellite observations of strain rates where crevasses
have been manually identified lie between these experimen-
tal results on ice and snow, typically between 100–200 kPa
(Vaughan, 1993). Together, these satellite and laboratory ob-
servations suggest a complicated and multivariate relation-
ship between tensile strength and independent variables, such
as density, temperature and grain size. Understanding the ma-
terial strength of ice and its dependencies is important to
accurately simulate fracture behavior that may change with
the englacial stresses of the ice sheet as terminus conditions
evolve under future climate forcing.

When surface meltwater fills surface crevasses, the ad-
ditional hydrostatic pressure of the water can cause the
crevasses to penetrate deeper through a process known as
hydrofracture (Nye and Perutz, 1957; Banwell et al., 2013).
Over the last 3 decades, surface melting has intensified in
both Antarctica and Greenland, with longer melt seasons ex-
tending further poleward (Cook and Vaughan, 2010). Some
models predict that warming will increase meltwater-driven
hydrofracture in the Amundsen Sea Embayment (ASE) lead-
ing to ice-shelf breakup (via the hydrofracture mechanism)
and the formation of ice cliffs that collapse when the newly
unbuttressed ice cliff exceeds a critical height. Together,
these two processes promote rapid grounding-line retreat,
termed the marine ice-cliff instability (MICI) hypothesis
(DeConto and Pollard, 2016). The MICI hypothesis predicts
that, if progressive failure exposes increasingly taller ter-
minus cliffs, this could initiate runaway collapse. Because
the ice sheet in the ASE sits on a glacier bed that deep-
ens into the interior, terminal retreat by fracture could pro-
mote taller cliffs and runaway retreat (DeConto and Pollard,
2016). Follow-on work has shown that the elastic response

of the ice cliff (Clerc et al., 2019) and the effects of melange
buttressing (Schlemm et al., 2022) impact the rate of retreat,
likely preventing unstable MICI retreat altogether (Needell
and Holschuh, 2023). Reduced model experiments (Clerc
et al., 2019) and three-dimensional discrete-particle model-
ing have also shown that the mechanics of the MICI de-
pend critically on the tensile strength of ice (Crawford et al.,
2021), estimates of which, as noted above, disagree signifi-
cantly between satellite observations and laboratory experi-
ments. To date, observed changes in surface crevasse appear-
ance remain disconnected from an assessment of ASE glacier
vulnerability and predictions of outlet glacier response.

In this paper, we seek to use the presence and extent of
crevassing in the ASE, understood through the lens of frac-
ture mechanics, to estimate the material strength of ice in
regions where we observe fracture. In the process, we reex-
amine how to interpret these features. Specifically, we use the
extent and depth of these features to speculate whether they
are a useful proxy for damaged ice, as has been interpreted
in previous studies (i.e., Surawy-Stepney et al., 2023a).

To map crevasse locations and determine rates of crevasse
area change, we extend deep learning neural network frame-
works (i.e., Ronneberger et al., 2015; Akeret et al., 2017; Lai
et al., 2020) to satellite synthetic aperture radar (SAR) im-
agery collected by the Sentinel-1 constellation from 2015–
2022. Our results provide an alternative model framework to
other published deep learning approaches (Surawy-Stepney
et al., 2023a, b). Using WorldView optical imagery and ultra-
wideband ultra-high-frequency radar data, we verify the fea-
tures we identify with our neural network and construct a
time series of crevasse location and area change from 2015–
2022 across the ASE. We use this time series of crevasse lo-
cations with surface velocity data to test a phenomenological
relationship between surface stress and crevasse formation:
namely that crevasses are present when the surface stresses
exceed the material tensile strength (Nye, 1959; Vaughan,
1993; Grinsted et al., 2024, and citations therein). We then
adapt a simple geometric model for the tensile strength of
polar firn to aid the interpretation of our observations (Jelitto
and Schneider, 2018). Together, our observations and mod-
eling suggest that the presence of surface crevasses in the
Amundsen Sea is restricted to the near-surface porous firn
layer, which has a tensile strength that is substantially lower
than the tensile strength of non-porous ice measured in lab-
oratory experiments. We finish by exploring the implications
of near-surface crevassing for marine ice-sheet vulnerability
and estimates of mass balance in the ASE.

2 Data and methods: from satellite SAR images to
maps of crevasse area change

Our investigation comprises four steps. First, we preprocess
SAR images and use manually identified crevasse datasets to
train the neural network. We then apply the network to a set
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Figure 1. (a) Overview of Sentinel-1A scenes of Amundsen Sea glaciers used to create inland crevasse area time series for the grounded
regions of Pine Island (blue), Thwaites (blue, orange), and glaciers feeding the Dotson and Crosson ice shelves (green and red). Black
boxes mark areas of paneled images in (b) and (c). (b) An example of the map of crevasses predicted by the U-net from March 2017
(cyan) and June 2022 (orange). Note that the density of crevasses appears to be concentrated on the stoss side of ridges that are captured
in the background MODIS image (Haran et al., 2018). The neural network also skillfully detects (c) isolated crevasse features in low-strain
environments.

of Sentinel-1A images that includes all crevassed areas in the
ASE. We then use surface crevasses visible in contempora-
neous optical imagery and ice-penetrating radar data to in-
dependently verify the segmentation algorithm and constrain
the depth of the crevasse features. Finally, we use crevasse
locations with satellite observations of surface strain rates to
develop a relationship between the effective stress of the ice-
sheet surface and the opening of surface crevasses.

2.1 Sentinel SAR imagery processing and analysis

2.1.1 Imagery selection and processing

Crevasses can be difficult to detect in optical imagery due
to snow bridges. Near-surface crevasses covered by snow
bridges can, however, be mapped remotely using active mi-
crowave synthetic aperture radar (Marsh et al., 2021). Com-
pared to optical imagery, SAR imagery is advantageous be-
cause it can provide regular observations through clouds, im-
age features during the polar night, and penetrate through
snow and firn (∼ 10 m for C-band SAR in polar firn; Rig-

not et al., 2001). In this study, we use synthetic aperture
radar data collected as part of the European Space Agency’s
Sentinel-1 missions.

Sentinel-1A and Sentinel-1B Level-1 Ground Range De-
tected SAR, interferometric, wide-swath, high-resolution,
amplitude images (∼ 5 m× 20 m native resolution, HH po-
larization) were selected from 2015 to 2022 using the Alaska
Satellite Facility Vertex search tool (ASF DAAC, 2014–
2022). Images were chosen geographically to capture areas
that contained the approximate inland crevasse extent be-
tween 2015 and 2022. We processed imagery for the entire
Sentinel subset, but our time-series analysis focuses on 2016
to 2022 due to changes in scene geometry during the satel-
lite commissioning stage and a melt event in 2015 that sub-
stantially affected radiometric backscatter amplitude (Ghiz
et al., 2021). For geometric consistency, solely Sentinel-1A
frames were used (see Fig. 1). Sentinel SAR data are avail-
able with a repeat time of 12 d; shifts in the acquisition plan
can, however, result in less frequent acquisitions for an indi-
vidual frame. Images with HH polarization were selected be-
cause they appear to have the advantage of higher backscat-
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ter amplitude than VV polarization, which reduces random
noise in preprocessed images (Marsh et al., 2021). Images
in both ascending and descending orbits were used to assess
possible differences in detectability based on satellite image
look angle and crevasse orientation.

Image processing was conducted using the European
Space Agency (ESA) Sentinel Application Platform (SNAP)
toolbox (SNAP, 2022). First, orbit state vectors in the grid-
ded product metadata were updated using precise orbit files
supplied by the ESA Global Navigation Satellite System
Hub. Several radiometric processing steps were then applied,
including removal of antenna thermal noise, border noise re-
moval which masks null pixels introduced in the creation of
the ground-range-detected products, speckle filtering and ra-
diometric calibration to a backscatter coefficient using look-
up tables that apply a range-dependent gain including an
absolute calibration constant. We applied an ellipsoid cor-
rection geolocation-grid operator to convert each image to
an orthorectified polar stereographic projection (EPSG:3031)
using Sentinel ground-control tie points. Orthorectified im-
ages were then resampled to 25 m resolution using a nearest-
neighbor interpolation to preserve sharp features. Follow-
ing radiometric calibration and orthorectification, backscat-
ter coefficients (0 to 1) were converted to unsigned 8-bit in-
tegers (0 to 255) and exported as GeoTIFF files (Fig. S1 in
the Supplement).

2.1.2 Neural network architecture

Preprocessed Sentinel images were then used to train a U-
net image segmentation algorithm (Ronneberger et al., 2015;
Akeret et al., 2017; Lai et al., 2020, Fig. S2). The U-net
architecture extends the conventional convolutional neural
network (CNN) framework by adding expansive operations
(upsampling layers) to the contracting operations (downsam-
pling layers) to identify and localize features in an image.
The downsampling path followed by the upsampling path re-
sembles a “U” shape and gives the network its name.

2.1.3 Neural network training

Training data consist of pairs of images and binary classi-
fications for crevassed and crevasse-free regions. Training
data were generated using image masking software written
for this purpose as part of this study. The masks were gener-
ated by first using a backscatter reflection coefficient thresh-
old to define an initial binary classification – brighter reflec-
tions are often associated with crevasses. This binary clas-
sification was then refined by manually selecting crevasses
that were too dim to be identified by the threshold and dese-
lecting false-positive features. The image training dataset in-
cludes images from only grounded ice areas of ASE glaciers
because we found basal crevasses can complicate feature seg-
mentation over ice shelves. These training scenes span the
entire time series to capture seasonal and interannual changes

in the surface reflectivity potentially induced by melting and
snow metamorphism. The training dataset was augmented by
rotating and flipping each image and ground truth mask to
produce over 1000 training images from binary classifica-
tions of 144 images.

We train the network using these refined binary classifica-
tion images of crevasses. We implement the U-net segmenta-
tion algorithm using the Python package TensorFlow (Abadi
et al., 2015) with training data from Thwaites, Pine Island,
Haynes, Pope and Kohler glaciers. The size of raw Sentinel-
1A images (∼ 17000×25000 pixels;> 500 MB) is too large
to segment at the native image resolution. We, therefore, di-
vide each image into 500× 500 pixel patches and run the
U-net algorithm on each patch individually using a sliding
window with an offset equal to the output layer image (460
pixels in both dimensions). We tested a variety of optimizers
and found the Adam optimizer maximized the area under the
curve (AUC) of the receiver operating characteristic (ROC)
that we used as the evaluation metric for model selection.
The AUC metric measures the ability of a binary classifier to
distinguish between classes and is used as a summary statis-
tic of the ROC curve. The output of the U-net model is a
460×460 pixel image of the likelihood (ranging from 0 to 1)
that a pixel contains part of a fracture. We then used the F1
score, which assesses the predictive skill of a model by elab-
orating on its class-wise performance to choose a threshold
for binary classification (model prediction probability greater
than 0.8 maximized the F1 score). Given the resampled im-
age resolution is 25 m× 25 m, this method can only capture
features that are greater than or equal to 1 pixel in size.

2.1.4 Neural network application

We apply the trained network on more than 300 Sentinel-
1A SAR images from 20 scenes (Fig. 1a) that were selected
for their comprehensive spatial and temporal coverage of
lower Thwaites Glacier; Pine Island Glacier; and Haynes,
Smith, Pope and Kohler glaciers that feed the Dotson and
Crosson ice shelves. Each scene is divided into 500 × 500
pixel patches using the same division scheme implemented
for the training data. These images were then combined by
merging the images using the maximum value of the pixels
within the shared windows. Because translational equivari-
ance is not preserved in CNNs, clipping schemes are neces-
sary to accurately stitch patches of the segmented image back
together. We evaluate a variety of padding schemes and find
that padding each segmented layer by 20 pixels reduces the
error most in the final image relative to hand-drawn masks.

In agreement with the findings of Marsh et al. (2021),
crevasses manifest differently in Sentinel imagery as a func-
tion of satellite look angle, the slope of the surface and
crevasse orientation relative to the satellite track (Fig. 3). In
descending scenes over Thwaites and Pine Island glaciers,
the left column in Fig. 3, crevasses that fracture along the
grid north–south axis appear highly reflective, while in the
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ascending scenes (the middle column of Fig. 3), crevasses
that are oriented in the grid east–west direction return the
most energy. Segmented crevasse features from single scenes
are still meaningful when compared to scenes from the same
path and frame, but analysis of a single frame may systemati-
cally miss features that are not visible because of the crevasse
orientation relative to the sensor look angle. This compli-
cates efforts to compare the segmented crevasses with sur-
face strain rates. To mitigate bias introduced by the effects
of satellite look angle, we combine ascending and descend-
ing scenes shot within 30 d of one another and create merged
predictions that capture multiple look angles. Image merg-
ing was done using the maximum of the union of predictions
from individual paths and frames.

2.1.5 Validating the network and image filtering

The network was applied to the complete time series and
used to calculate the area of the crevassed ice-sheet sur-
face using a 3-month rolling median filter and a threshold of
10 km2 to define outliers to be excluded from the time series.
These outliers typically overestimated crevasse area, likely
due to surface melting or surface temperature anomalies that
temporarily increase the surface backscatter (Joughin et al.,
2016). Because C-band SAR imagery penetrates up to sev-
eral meters into the subsurface (Rignot et al., 2001), it is
difficult to determine whether the crevasse void starts at or
below the surface from SAR imagery alone.

To better determine the connection of the features we iden-
tify in SAR imagery to the surface appearance and subsur-
face geometry of crevasses, we use complementary high-
resolution optical imagery (WorldView) and ice-penetrating
radar data collected as part of Operation IceBridge (OIB)
and the International Thwaites Glacier Collaboration (ITGC)
aerogeophysical surveys (Fig. 4). WorldView high-resolution
optical imagery does not penetrate into the subsurface and
thus presents an unambiguous image of the crevasse sur-
face geometry. The geometry of crevasses in the subsurface
was interpreted using ice-penetrating radar data (i.e., Nath
and Vaughan, 2003; Williams et al., 2014). Interpretations of
crevasse geometry in ice-penetrating radar data are compli-
cated by the dependence of the return on the orientation of
the radar profile relative to the geometry of the crevasse and
the generally complex shape of the crevasse itself. The ultra-
high-frequency ultra-wideband (600–900 MHz) radar system
flown as part of OIB and ITGC surveys is able to image
englacial structures through a kilometer of ice with a vertical
(Rayleigh) resolution that captures changes in conductivity
due to density contrasts in the near surface on the scale of
less than 1 m. The four-element antennas transmit a 400 W
pulse into the surface that is then recorded using a 12-bit
analog-to-digital converter (Karidi, 2018). The trace spac-
ing for this instrument is large compared to the trace spacing
of ground-based impulse radar surveys that have historically

been used to map subsurface crevasses, but a trace posting of
2.7 m should be sufficient to map crevasses.

2.2 Stress analysis from velocity data

Crevasse occurrence can be related to surface velocity and
strain rates using the constitutive relations for snow and ice
and assuming that crevasses form if surface stresses exceed
a failure criterion. The most common formulation for frac-
ture nucleation and tensile failure is the von Mises (octahe-
dral) failure criterion. This criterion assumes that the mate-
rial can only support an octahedral shear stress that is less
than the tensile strength of ice (σt ) and can be formulated as
(Vaughan, 1993)

σe < σt , (1)

σ 2
e = σ

2
1surf+ σ

2
2surf− σ1surfσ2surf, (2)

where σe can be interpreted as the effective stress and σ1surf
and σ2surf are the principal surface stresses parallel to the
ice surface. Because the top boundary of an ice sheet or
glacier is a free surface, normal stress and traction are zero
at this boundary, and thus one of the three principal stresses
must be normal to the surface and have a magnitude equal
to zero (Vaughan, 1993; Veen, 1999). The other two prin-
cipal stresses are parallel to the surface. We combine our
new crevasse location time series with satellite SAR obser-
vations of ice velocity from the same satellite constellation
(Sentinel-1A and Sentinel-1B) to compare crevasse locations
with those consistent with the von Mises failure criterion.

Following previous work (Nye, 1959; Bindschadler et al.,
1996; Veen, 1999; Alley et al., 2018), we first calculate
the principal surface stresses from the ice-velocity time se-
ries (see Sect. S2). We then extracted the surface stresses
at crevasse locations identified by the CNN from quarterly
velocity measurements between 2015 and 2022. Then, fol-
lowing Vaughan (1993), we used quarterly principal sur-
face stresses at the location of crevasses to construct failure
envelopes and estimate the tensile strength associated with
crevasse formation (see Sect. S2).

2.3 A simple geometric model for the fracture
properties of firn

Physical models that unify the observations and behavior
of near-surface fracture with fracture propagation deeper in
the ice column are important to accurately represent the ef-
fects of damage on the effective viscosity of the ice sheet
from the assimilation of the growing observations of crevasse
position and crevasse area change (Surawy-Stepney et al.,
2023a, b). Models that describe the effects of porosity on
fracture toughness and tensile strength were first developed
for metals, ceramics, polymer foams and sponges (Ashby
and Medalist, 1983; Maiti et al., 1984; Gibson and Ashby,
1999). Though the fracture toughness of freshwater ice de-
creases with increasing porosity (Rist et al., 1999, 2002),
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this relationship remains disconnected from simulated ice-
sheet mechanics, which do not typically represent firn pro-
cesses. Here, we advance a simple geometric model for the
tensile strength of firn to better understand the apparent
disagreement between controlled laboratory experiments of
ice fracture and remote-sensing observations of near-surface
crevasse location and strain used to derive tensile strengths
from satellite observations.

Here we build on the work of, e.g., Jelitto and Schneider
(2018), who establish a geometric framework for modeling
fracture properties in ceramics and metals. We use the same
geometric arguments to advance a simple conceptual model
for firn pore space and develop a description for the tensile
strength of densifying firn (σf) from the tensile strength of
ice (σI) and firn porosity (P ). We start by assuming a closed
idealized lattice of firn with wall thickness (t) and unit cell
width (w), illustrated in Fig. 2. Within this lattice, we can
define the dimensionless ratio of pore space to wall thickness
d = t/w, where 0< d < 1. The porosity can be related to the
volumetric fraction of the firn lattice divided by the volume
of the characteristic unit cell (w3) and described in terms of
the dimensionless ratio of pore space as

P =
(w− t)3

w3 = (1− d)3. (3)

As in Jelitto and Schneider (2018), we assume the tensile
strength of the lattice is reduced by a factor that is propor-
tional to the reduced crack-face surface area (Fig. 2b) relative
to a completely closed lattice (i.e., a lattice representing pure
ice). The crack face is a two-dimensional feature of the lat-
tice that represents the face bisecting the lattice volume that
maximizes the area of void space. From the geometry illus-
trated in Fig. 2, the tensile strength of firn as a function of the
dimensionless ratio of pore space can be described by

σf

σI
=
w2
− (w− t)2

w2 = 1− (1− d)2. (4)

The idealized relationship between the dimensionless pore
space fraction and tensile strength holds in the absence of
pore connections where the density of the firn is very near
the density of ice at the depths exceeding the bubble close-
off depth, where firn air trapped in pores can no longer ex-
change with surrounding voids. To account for pore space
connections within the lattice at lower densities where grains
have not yet sintered, we define the relative fraction of pore
connections (X), which we also assume is proportional to the
reduced strength across the crack face, as

σf

σI
=X(1− (1− d)2). (5)

Solving for the dimensionless ratio of the pore space as a
function of porosity from Eq. (3), we find

d = 1−P 1/3, (6)

Figure 2. Micro-CT scan of firn structure revealing the effect of
compressed pore space (black) within the firn unit cell (a) shown
with the conceptual geometric model of the firn (b) and the crack
face used to derive the relationship between tensile strength and
porosity (c). The scan was first presented by Lomonaco et al. (2011)
using firn cores collected from Summit, Greenland.

and thus

σf

σI
=X(1− (1− d)2)=X(1−P 2/3). (7)

Finally, we must determine the relationship between the rel-
ative fraction of pore space connections and firn porosity,
i.e., X = f (P ). We assume that the disconnections can be
related to porosity by X = (1−P)n, and the tensile strength
can be formulated from the geometry of the crack face as

σf

σI
= (1−P)n

(
1−P 2/3

)
. (8)

3 Results

Our presentation of results begins by examining individual
crevasses and confirming their presence in independent op-
tical imagery and radar datasets. We then discuss changes
in crevasse patterns across the ASE in the context of other
glaciological and oceanographic changes observed over the
last 10 years, as well as the relationship between porosity
and tensile strength of firn.

3.1 Verifying crevasse feature extent and constraining
vertical depth with optical and ice-penetrating
radar imagery

A comparison of crevasse detections from the SAR data with
high-resolution optical imagery and ice-penetrating radar
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data strongly supports our interpretation that the detected fea-
tures are crevasses. These datasets interpreted together also
reveal that crevasses detected with SAR data are commonly
buried so that there is little or no surface expression in op-
tical imagery. Optical imagery and ground-penetrating im-
agery also reveal that the pixel resolution of crevassing in
SAR imagery resampled to 25 m2 is not directly related to
the size of the detected crevasses. Since the radar imagery is
sensitive to reflections off crevasse sidewalls, a pixel may be
very bright if it images a reflection from a sidewall in a favor-
able geometry even though the crevasse itself is much smaller
than the area represented by the pixel (Marsh et al., 2021).
Narrow-width crevasses with sidewalls orthogonal to the in-
cident radar wave may appear as bright reflections even if the
crevasse width is small. Using the data presented here, we
cannot clearly relate the crevasses in SAR imagery directly
to their true geometric size, and we therefore restrict interpre-
tations of crevasse appearance to changes in crevassed area
in the same Sentinel-1A image scene.

3.1.1 Crevasse appearance in optical imagery

Near the inland onset of crevassing (Fig. 4b), WorldView
imagery often directly captures clear crevasses or surface
features indicative of crevassing (Fig. 4b), such as regu-
lar “swells” likely associated with snow bridges (Figs. S3,
S4). These features are consistent with features that are
also imaged in SAR imagery and ice-penetrating radar data
(see Sect. 3.1.2). In some areas downstream of crevasse on-
sets, there is extensive crevassing indicated in SAR imagery,
but there is no surface expression or ambiguous expres-
sion of the crevasses in contemporaneous, co-located World-
View images (i.e., Figs. 4b, S5c). This suggests that these
crevasses are subsurface features – crevasses that have ei-
ther been buried by accumulation following formation or ini-
tially formed below the surface. Examination of spatially co-
incident ice-penetrating radar profiles confirms that these are
subsurface features (Fig. 4e; see Sect. 3.1.2). This indicates
that SAR imagery reveals subsurface crevasses reliably, in-
cluding occasional near-surface crevasses (< 10 m depth).

3.1.2 Crevasse appearance in ice-penetrating radar

There are several commonly observed features recorded
in the ultra-wideband ultra-high-frequency ice-penetrating
radar data that have conventionally been associated with
crevasses (Nath and Vaughan, 2003; Williams et al., 2014).
Where there is a clear firn–void-space contrast, we see bright
reflections from the top of buried crevasses in ice-penetrating
radar data (Fig. 5). These reflections appear as hyperbolic
scatterers due to apparent diffraction where the snow bridges
reconnect with the continuous firn. When the transmitter is
above the crevasse, transmitted wave energy appears to be
critically refracted along the crevasse wall so that little en-
ergy is reflected back to the receiver. This results in an appar-

ent low-amplitude “shadow” beneath the crevasse void space
in the radargram. In the case of basal crevasses observed over
the floating ice shelf, there are reflections from the top of the
crevasse, where there is an ice–seawater interface. Schemat-
ics of the radar wave ray paths and examples of the resulting
radargrams that illustrate these characteristic descriptions are
shown in Figs. 4, 5 and S5–S7.

The agreement between crevasses identified in SAR im-
agery and crevasses visible in the ice-penetrating radar and
high-resolution visible imagery gives high confidence that
the near-surface crevasses we detect in SAR imagery are
robustly identified by the neural network. Observations of
the three-dimensional structure revealed in the SAR and ice-
penetrating radar data have ramifications for the interpreta-
tion of ice tensile strength and the influence of crevassing on
ice-sheet structure, which is discussed later in Sect. 3.2 and
3.3. We next evaluate changes in the crevasse area recorded
in the SAR imagery time series and their implications for un-
derstanding the material properties and fracture mechanics of
firn and ice.

3.2 Crevasse expansion in the Amundsen Sea
Embayment

Results from the algorithm applied to the SAR image time
series are summarized in Figs. 6 and 7. We identify three
qualitative changes in crevasse area and spatial density that
together result in an overall increase in the damaged surface
area of the Amundsen Sea Embayment:

– the advection of crevasses from upstream into undam-
aged areas downstream (Fig. 6; orange arrow in image
from 9 June 2019);

– new crevasse appearances that overprint preexisting
fractures that have been advected from upstream, these
changes being discernible in the spatial density of
crevasses and the patterns of crevasse orientations
(Fig. 6; purple arrow in image from 9 June 2019);

– crevasse initiation in previously uncrevassed areas far-
ther inland than any previously observed crevasse
(Fig. 6; blue arrow in image from 9 June 2019).

The broad-scale crevassing patterns differ between the ma-
jor glacier systems we examine in this study and are cor-
related with changes in ice velocity and effective stress ex-
pressed in the glacier surface velocities (Figs. 7, S9). From
2017–2022, Pine Island Glacier sped up, accelerating from
the grounding zone (∼ 500 m yr−1) to the deep interior. As
the glacier accelerated, likely due to changes in the buttress-
ing capacity of the ice shelf due to a large iceberg calving
event in 2017, the crevassed area increased (Fig. 7b; Joughin
et al., 2021). The crevassed area then increased more slowly
from 2018 to 2020, remaining almost constant. This stagna-
tion in the crevassed area was followed by a second rapid
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Figure 3. Crevasse appearance in ascending (a, b) and descending (c, d) orbits of Sentinel-1A satellite imagery for interior regions of
Thwaites and Pine Island glaciers. Arrows indicate satellite look direction. Also shown is a mosaic of WorldView images (e, f) for the same
coverage of Thwaites Glacier and Pine Island Glacier, revealing that many of the crevasses that are readily visible in Sentinel imagery are
buried beneath snow bridges that obscure the features in panchromatic optical imagery.

increase in crevassed area from 2020–2021, which is con-
temporaneous with another major calving event. Thwaites
Glacier also accelerated between 2017–2022, speeding up
by 400 m yr−1 near the grounding zone (Benn et al., 2022).
This speedup has been attributed to the development of
full-depth fractures near a prominent pinning point on the
Thwaites Eastern Ice Shelf (Benn et al., 2022) and also coin-
cides with enhanced sub-ice-shelf melting in the ASE (Davis
et al., 2023). During this time period, the crevassed area of
Thwaites Glacier increased by 10% and expanded inland of
the glacier grounding line; crevassed area density also in-
creased in previously crevassed regions. The glaciers that
feed Dotson and Crosson ice shelves did not systematically
speed up during this time period, and crevasse areas here re-
mained steady except for a subtle increase in crevassed area
in 2017. These observations indicate that the expansion of
crevasses is likely due to increases in surface stresses associ-
ated with higher surface strain rates.

3.3 Failure envelopes and a data-driven tensile strength
model of near-surface fractures

Following Vaughan (1993), maps of surface stress and frac-
ture location were used to create failure surfaces (princi-
pal surface stress plots) for each quarterly velocity product.
These failure envelopes do not change substantially over time
(Fig. 7a). This elliptic relationship between principal sur-
face stresses and brittle failure matches the predictions of
the von Mises failure criterion (Vaughan, 1993). Compar-
ing surface stress values between crevassed and uncrevassed
ice suggests that the tensile strength of the near surface is

bounded from below (Fig. 8). For Thwaites Glacier (other
glaciers in the ASE have similar results; see Figs. S8, S9),
90% of crevassed pixels occur for critical von Mises stresses
of 82 kPa or greater, and 80% of crevassed pixels are for
equivalent stress criteria of 82 to 165 kPa (10% of crevassed
pixels for von Mises stresses greater than 165 kPa). The ap-
parent upper limit of the von Mises stress in stress envelopes
(Figs. 7, 8) and histograms of von Mises stress (Figs. 9, S8)
reflects the class imbalance of high-stress pixels. These esti-
mates of the tensile strength of the ice sheet near the surface
agree with limits cited elsewhere in the remote-sensing lit-
erature but disagree with failure limits determined from lab-
oratory measurements conducted on pure ice (∼ 1800 kPa;
Haynes, 1979).

3.4 Geometric model

Our geometric model for the tensile strength of firn sug-
gests that porous snow is much easier to fracture than ice.
Figure 10 shows a comparison of the tensile strength model
fit with tensile strengths determined from snow experiments
and experiments on ice conducted over a range of ice tem-
peratures and grain sizes (McClung, 1978; Haynes, 1979).
While this is only one possible functional relationship be-
tween porosity and strength, the model shows encouraging
agreement with lab experiments and suggests that the near-
surface fractures we observe in the Amundsen Sea are con-
sistent with the fracture mechanics of polar firn.
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Figure 4. (a) SAR backscatter intensity image with flight lines of ice-penetrating radar that cross the (b) onset of surface crevassing detected
in U-net (red) with panchromatic optical imagery and (c) buried U-net-detected crevasses (red) downstream shown with panchromatic optical
imagery. Buried crevasses are visible in near-surface radar profiles (d, e). Panels (d) and (e) correspond to radar profiles along flight lines
shown in (b) and (c), respectively. White arrows indicate crevasses that are expressed at the surface, while black arrows indicate subsurface
crevasses with hyperbolic diffractors. The vertical position of the black arrows indicates the depth at which crevasses first appear in radar
data relative to the surface. The strong reflection at ∼ 300 m is the surface multiple.

4 Discussion

4.1 Drivers of inland crevasse expansion

Inland migration of crevasses appears to be linked to ongoing
acceleration and inland effective stress changes in response
to mass loss near the grounding zone. Pine Island; Thwaites;
and the neighboring Haynes, Pope and Kohler glaciers in the
ASE are losing mass at a greater rate than any other glaciated
region in Antarctica (Shepherd et al., 2019; Rignot et al.,
2019). Currently, submarine melt appears to pace mass loss
and ASE glacier retreat (Jacobs et al., 1996; Jenkins et al.,
2010, 2018), but changes in the buttressing capacity of ASE
glacier ice shelves due to calving have also been linked to
ephemeral inland acceleration (Joughin et al., 2021), and loss
of ice-shelf buttressing has been hypothesized to be a major
driver of retreat in a future warmer climate (DeConto and
Pollard, 2016; Alley et al., 2023). Glaciers in the ASE ac-
celerate to balance changes in driving stress; however, the
strength and roughness of the bed are not uniform, and thus

some areas of Thwaites and Pine Island in particular have
steepened, while other areas have become more flat. The het-
erogeneous pattern of thinning we observe across Thwaites
reveals the complexity of this relationship (“Video supple-
ment”; Hoffman et al., 2020) and agrees with patterns we see
in the effective stress field.

This also appears to explain why crevasses jump inland,
sometimes skipping several kilometers of uncrevassed area
to initiate upstream in regions where the surface stresses are
higher. In these areas, surface slopes are steep often on the lee
side of local surface elevation highs associated with large-
scale ridges in subglacial topography and locally enhanced
basal resistance (Fig. 11; Hoffman et al., 2022). In this way,
surface crevasses appear to be connected to glacier sliding as
the relationship between basal shear stress and glacier sliding
velocity mediates inland stress transmission.
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Figure 5. Transmit and receive paths for different crevasse geometries. The transmitter (Tx) and receiver (Rx) are shown with illustrations
of the transmit wave path. Features shown in radargrams are labeled on the wave paths: hyperbolic reflections from the crevasse top (Rfl.),
refraction along the crevasse wall (Rfr.), hyperbolic sidewall diffraction (D) and discontinuous subglacial layering (Dis). Also shown are (a,
b) the reflections we attribute to narrow crevasses we observe in the interior near surface and (c, d) larger near-surface crevasses that have
opened on the ice shelf.

4.2 Depiction of crevasses in ice-penetrating radar data

Joint inspection of co-located SAR-detected crevasses and
ice-penetrating radar profiles revealed that crevasses identi-
fied in the SAR imagery are also expressed in ice-penetrating
radar data. Because ice-penetrating radar data image the
depth of englacial structures, these data can add context to the
crevasses we identify in satellite SAR imagery. In the discus-
sion that follows, we begin by describing the manifestation
of crevasses in the ice-penetrating radar data. We then con-
sider the implications of the features we image for crevasse
geometry and depth.

Most crevasses we observe in the survey are imaged either
as voids that start at the surface or as bright hyperbolic reflec-
tors in the near surface (< 100 m depth) with voids beneath
the hyperbolas that interrupt layering at depth (Figs. 5c, S3,
S4). Occasionally, we observe hyperbolic reflections deeper
in the column – sometimes 100–150 m below the surface.
These depths are below the observed firn–ice transition mea-
sured from ASE firn cores (Gow et al., 2004). These features

could be crevasses we image off-nadir that appear deeper in
radar profiles than they are in reality. They could also re-
flect larger flaws in the ice (> 4 m) that have been shown
using linear elastic fracture mechanics to reduce the tensile
strength of ice (i.e., 59 kPa; Lai et al., 2020). For all profiles,
the radar systems do not image hyperbolic reflectors deeper
than ∼ 200 m except where basal crevasses on ice shelves
are also present. Voids and hyperbolic reflectors often begin
below intact near-surface layering. Features we identify as
buried crevasses only appear downstream of onset zones in
areas where the surface expression of crevasses is muted in
SAR and optical imagery (i.e., Fig. 4c). Except for several
very wide crevasses on the ice shelf, englacial layering in the
vicinity of the crevasses does not noticeably slope into the
crevasse.

The bright reflectors we observe buried beneath the sur-
face are consistent with hyperbolic scatterers due to apparent
diffraction where snow bridges reconnect with the continu-
ous firn. Beneath these hyperbolic scatterers, very little en-

The Cryosphere, 19, 1353–1372, 2025 https://doi.org/10.5194/tc-19-1353-2025



A. O. Hoffman et al.: Inland migration of near-surface crevasses in the Amundsen Sea Sector 1363

Figure 6. SAR time series of inland crevasse advection and nucleation between 2018–2019 in the upper reaches of the crevassed trunk of
Thwaites Glacier. The U-net crevasse position of a scene shot in March 2018 (cyan) overlain with subsequent crevasse positions (orange). The
crevasse position images are transparent so that where the locations overlap the image appears green. Arrows highlight different mechanisms
of crevasse area change: blue, crevasse initiation in previously uncrevassed areas; orange, advection into previously uncrevassed areas; and
purple, new crevassing in areas with preexisting fractures.

ergy is returned to the receiver. Similarly, where crevasses
penetrate to the surface in optical and SAR imagery, ice-
penetrating radar data show a significant decrease in en-
ergy reflected back to the receiver. This low-energy void ap-
pears to be caused by the steep angle of crevasse side walls
that facilitate the refraction of energy along the wall away
from the radar receiver. This results in a low-energy void
beneath the top of the crevasse to depths below the bed re-
flector in neighboring traces to the noise floor of the re-
ceiver. The voids clearly cannot be interpreted as a proxy
for crevasse depth, but their appearance does change though
with the width of the crevasse feature. Near crevasse onset
zones where crevasses occur at the surface, sidewall hyper-

bolic reflections, if present, are very weak. Further down-
stream, where crevasses are wider (Figs. S7–S8), all features
discussed above are more notable (i.e., Fig. 5c compared to
Fig. 5e). For these larger crevasses, we also observe internal
layers dipping towards the crevasse, which we do not see in
the vicinity of narrower crevasses we image upstream.

Crevasse depths remain extremely difficult to measure di-
rectly. With ground-based and airborne radar technology, it
remains possible only to observe how the features affect lo-
cal stratigraphy and flow expressed in nearby layer slopes.
Because energy is critically refracted away from the receiver
below the exposed surface crevasses (or the initial firn air re-
flection of buried crevasses), we never image the base of the
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Figure 7. (a) Principal surface stress failure envelopes of Thwaites Glacier crevasse time series from 2015–2022, following Vaughan (1993).
(b) Crevassed area for the grounded regions of Pine Island (blues), Thwaites (reds), and the glaciers feeding Dotson and Crosson ice shelves
(greens), with (c) the area where the effective stress (calculated using the surface membrane stresses) exceeds 200 kPa.

Figure 8. Principal surface stress failure envelopes observed on Thwaites Glacier are shown for (a) crevassed and (b) uncrevassed regions of
the glacier identified with U-net. These ellipses bound the tensile strength of the surface (dotted lines). Also shown are the (c) experimental
tensile strengths inferred from laboratory experiments conducted on snow and ice. The tensile strengths inferred from the surface observations
in this study (dotted lines in panels a and b) are also shown (red lines).

crevasses we identify in SAR imagery and ice-penetrating
radar data. The lack of diffraction hyperbola from crevasse
sidewalls and the width of the void space suggest that the
near-surface expression of the features is small relative to the
trace spacing of the radar system; however, narrow crevasses
have still been observed to penetrate deep into the near sur-
face (Lindner et al., 2019). The most compelling evidence
that suggests the buried crevasses we image with radar do not
penetrate below the firn is the absence of hyperbolic scatter-
ers below depths of 200 m and the limited impact the surface
features appear to have on nearby ice flow.

In areas of crevasse onset, where englacial stratigraphy
below 200 m depth is present on either side of the void
space, the stratigraphy remains continuous and layers do
not dip into the low-energy void. This suggests that these
crevasses minimally disrupt the flow, which tends to close
large crevasses at depths where the overburden stress of the
ice and firn exceeds the horizontal tensile stress of the ice
column (∼ 100 m depth; van der Veen, 1998). We see this ef-
fect downstream where the expression of the crevasse void
space and sidewall reflectors changes with increasing hori-
zontal strain rates. After crevasses open, the confining over-
burden pressure of firn and ice above drives viscous flow into
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Figure 9. (a) Von Mises stresses shown with crevasse area (threshold outlined where crevasse probability exceeds 0.8) for Thwaites Glacier.
Also shown are (b) the histograms of von Mises stresses for uncrevassed regions and (c) crevassed areas for the area outlined in the hashed
white line.

the void space. This can cause the draw-down of englacial
layers on either side of the crevasse, which we use as a di-
agnostic tool to constrain the depth of crevasses (Figs. 5 and
S9). Over the ice shelf, the width of the low-power return
beneath apparent surface crevasses increases, and sidewall
reflections of near-surface crevasses become visible at inter-
mediate depths (Fig. 5). Near these wider crevasses, layers
steepen, sloping into the apparent void at intermediate depths
(∼ 40 m). This suggests that the features are large enough
and extend deep enough that they can affect ice flow well be-
low the surface. Over the ice shelf, we also image the tips of
basal crevasses that extend upward 400–500 m from the ice-
shelf base (Figs. S8, S9). Englacial layer slopes change above
these basal crevasses, suggesting again that these much larger
features affect flow in ways the interior surface crevasses
do not. These basal crevasse features extend 3 times deeper
into the ice shelf than the deepest hyperbolic diffractors as-
sociated with surface crevasses and reveal how near full-
thickness crevasse features appear in the same radar data.

4.3 Firn tensile strength

In the top half of the ice column, where viscosity changes are
small, we assume that the tensile stresses are nearly uniform.
As a result, crevassing in this region can define a strength
threshold and suggests that the densifying snow and firn are
weaker than the solid ice below.

Below the near surface, where crevasses have opened,
compressive overburden pressure acts to close open-air
crevasses (Weertman, 1973; Smith, 1976, 1978; van der
Veen, 1998). Our observations are consistent with crevasses
closing below 200 m depth and suggest that compressive
overburden stresses in combination with firn strengthening
with density and depth arrest dry firn crevasse propagation.

In the literature, inconsistent attention to the strength of
firn has led to reported disagreement between the fracture
properties of ice derived from laboratory measurements and
estimates from in situ and remote-sensing observations. Ten-
sile strengths measured in laboratory experiments are signifi-
cantly higher than those determined from remote-sensing ob-
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Figure 10. Model fit for tensile strength of ice and firn as a function
of porosity. Data used to fit the model are shown from studies on
ice (Haynes, 1979) and porous snow (McClung, 1978). The best-
fit model would suggest an exponent n= 3.6 and tensile strength
σI = 1800 kPa. The range of tensile strengths measured in labora-
tory experiments for solid ice (i.e., Haynes, 1979) demonstrates the
dependence of fracture on temperature and physical properties of
crystal grains.

servations. The values we observe (82 to 165 kPa) are within
ranges reported from other satellite remote-sensing observa-
tions of crevassing in Antarctica (Vaughan, 1993) and Green-
land (Grinsted et al., 2024). These ranges are consistent with
our geometric model which predicts firn fracture where ef-
fective stresses exceed 82 kPa when the bulk average poros-
ity is greater than 0.4. This suggests that the crevasses and
associated tensile strengths determined from remote sensing
of surface strain rates likely reflect near-surface fracture in
firn, where the fracture toughness and tensile strength are re-
duced by the porosity of the firn (Smith et al., 1990; Fischer
et al., 1995; Rist et al., 1999, 2002).

4.4 Implications of firn crevasses

Our observations of inland crevassed area expansion on
Thwaites and Pine Island glaciers are consistent with a
porosity-dependent fracture model that predicts firn fracture
preceding crevasse penetration through ice. Our model sug-
gests that surface stresses in the ASE open surface crevasses
that penetrate through the porous firn. We estimate that the
firn in the ASE has a tensile strength between 82 and 165 kPa
consistent with a depth-averaged porosity between 0.25 and
0.5 (∼ 450–750 kg m−3 firn density). These crevasses would
not be expected to penetrate deeper into the ice column where

the denser ice has a higher tensile strength (Rist et al., 2002)
and where the increased pressure with depth is predicted to
close dry air crevasses (van der Veen, 1998). These results
have implications for understanding the current impact of
fractures on ice dynamics in the ASE and the vulnerability of
the ice sheet to fracture-related collapse and ice-shelf weak-
ening. They also carry implications for determining the mass
balance of crevassed sectors of the ice sheet. We devote the
remaining discussion to these two related topics and high-
light some directions for future observational work.

4.4.1 MICI instability

Elliptic failure envelope analysis and porosity-dependent ten-
sile strength modeling suggest that tensile strength estimates
for ice that use values calculated from observations of sur-
face fractures underestimate the bulk strength of the ice sheet
(i.e., the tensile strength of solid ice is greater than 82–
165 kPa).

Models of cliff calving that underpin the MICI hypoth-
esis often treat the ice column as a homogeneous material
(Parizek et al., 2019; Clerc et al., 2019), with calving thresh-
olds that are sensitive to the prescribed material strength
(i.e., DeConto and Pollard, 2016). Our work shows that the
strength of the ice column is likely heterogeneous with depth,
and observed surface crevassing would not occur without
a porous (and therefore) near-surface firn layer. Remote-
sensing estimates of tensile strength are more representative
of surface properties and therefore should be treated as a
lower limit on material strength, as they would yield unreal-
istically high rates of full-thickness fracture in MICI models.

4.4.2 Ice-shelf weakening

Surface crevasses have also been suggested to signal ice-
shelf weakening (i.e., Lai et al., 2020; Alley et al., 2021;
Zhao et al., 2022; Surawy-Stepney et al., 2023a), with sev-
eral studies recently highlighting the potential impact of
ice-shelf surface crevasses on ice flow (Lai et al., 2020;
Zhao et al., 2022; Surawy-Stepney et al., 2023a). Our ice-
penetrating radar observations of near-surface crevasses in-
land and across the grounding zone suggest that near-surface
crevasses do not significantly change character as they ad-
vect onto the ice shelf and that many of these features are
still confined to the near surface (Figs. S6, S7). The depth
of these features may explain the weak relationship found
by Gerli et al. (2024) between ice-shelf crevasses identified
by Izeboud and Lhermitte (2023) and inferences of ice-shelf
fluidity derived from contemporaneous surface velocity and
ice thickness observations. Our results in connection with the
findings of Gerli et al. (2024) suggest that surface crevasses
expressed in satellite remote-sensing datasets (e.g., Lai et al.,
2020; Zhao et al., 2022; Surawy-Stepney et al., 2023a; Ize-
boud and Lhermitte, 2023) only weakly affect the bulk vis-
cosity of ice shelves. In contrast, some of the basal crevasse
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Figure 11. Crevasse observed in Sentinel-1A SAR imagery on 28 May 2019 (a) and 9 June 2019 (b), highlighting a major crevassing event.
The crevasse probability index from this study and the accumulation radar data collected by the International Thwaites Glacier Collaboration
airborne geophysics campaign (magenta profile in the top panels) are also plotted (c). Also included (e) is a profile of ice-penetrating radar
data collected as part of the Aerogeophysical Survey of the Amundsen Sea Embayment, Antarctica (AGASEA), project (cyan profile in the
top panels). Contours in the top panels are bed elevation from BedMachine Antarctica.

features we observe with radar penetrate through almost 75%
of the ice-shelf column (> 600 m), 3 times the depth of the
deepest features associated with buried surface fractures in
radar data (Figs. S6, S7). These basal crevasse observations
should be assimilated into ice-shelf models as these features

have been observed to affect ice-shelf flow (i.e., Jeong et al.,
2016).

https://doi.org/10.5194/tc-19-1353-2025 The Cryosphere, 19, 1353–1372, 2025



1368 A. O. Hoffman et al.: Inland migration of near-surface crevasses in the Amundsen Sea Sector

4.4.3 Firn air content

Our observations of a near-surface crevasse opening in the
firn also have implications for satellite remote-sensing ob-
servations used to calculate glacier mass loss. Firn depth and
density estimates are required to convert altimetry-observed
height changes to mass changes and remain a major source of
uncertainty in mass balance studies (i.e., Morris and Wing-
ham, 2015; Verjans et al., 2021). Firn depth and density esti-
mates are also required to convert firn and ice column thick-
ness and velocity observations to discharge fluxes across the
ice-sheet grounding zone (Rignot et al., 2019). Both of these
methods rely on accurate descriptions of the firn air content,
which can change with horizontal strain rates.

Horizontal stresses can affect firn air content via three
different mechanisms. Horizontal divergence can stretch the
firn, effectively thinning the firn column as suggested by
Horlings et al. (2021). Horizontal stresses can also en-
hance creep-driven densification (Oraschewski and Grinsted,
2022), and as we have shown in this study, horizontal stresses
can fracture the firn, opening large volumes of void space in
the near surface.

In grounded ice regions, elevation change observations of
the ice-sheet surface can be corrected for changes in firn air
content and glacial isostatic adjustment to estimate grounded
ice-sheet mass change. Because this is a measurement of ver-
tical height change, the effect of horizontal void space intro-
duced by crevasses opening in the near surface affects the
estimate of ice-sheet thinning or thickening below based on
how the effects of horizontal divergence-induced layer thin-
ning and creep-enhanced densification are parameterized in
the treatment of firn air content. A correction that separates
enhanced creep-driven firn densification (Oraschewski and
Grinsted, 2022) and horizontal divergence-induced stretch-
ing (Horlings et al., 2021) from horizontal divergence associ-
ated with crevasse opening could account for the near-surface
changes in firn densification. This effect would tend to de-
crease the enhanced densification rates calculated by Hor-
lings et al. (2021) that assume all horizontal divergence in
the near surface is accommodated by vertical densification.

Surface crevasses also affect estimates of ice flux across
the grounding zone. Because this measurement is made with
respect to a vertical gate at the grounding zone where the ice
goes afloat, horizontal and vertical variations in firn air con-
tent affect calculations of discharge flux. In regions where
the near-surface crevassed area observed with SAR imagery
has increased and presently accounts for ∼ 10 %–40 % of
the total surface area, such as lower Thwaites Glacier, the
void space associated with open crevasses contributes sub-
stantially to the total firn air content. Assuming the depth of
the void space is on average ∼ 20 m, the area occupied by
crevasses may represent between 2–8 m of unaccounted air
content in the near surface that would affect the discharge
calculations of Thwaites Glacier made from horizontal ve-
locity and surface thinning observations. These approach the

uncertainty in bed topography measured with ice-penetrating
radar crossover discrepancies in ice thickness (mean 8 m,
rms 47 m; Holt et al., 2006) and can change over time with
the stress state of ice near the grounding zone. Together, the
firn air content (consistent with the horizontal strain in areas
that remain uncrevassed) and the crevasse void space should
both be included in flux-gate analyses of glacier systems.

4.4.4 Surface albedo

The appearance of surface crevasse features in panchro-
matic and SAR imagery also highlights how crevasses affect
ice-sheet albedo. Incipient roughness associated with near-
surface crevasses has previously been suggested as a driver
of surface ablation feedbacks, which can cause small-scale
roughness features to grow and eventually impact the mor-
phology of the crevasse and surface water storage (Pfeffer
and Bretherton, 1987; MacClune et al., 2003; Cathles et al.,
2011, 2014). The growth of surface features in mountain
glacier environments like sun cups and penitents (pointed
ice or snow columns) has also been connected to solar ab-
sorption feedbacks initiated by preexisting surface roughness
(Betterton, 2001). Previous studies have used radiative trans-
fer models to understand how the shape of these features af-
fects their evolution. These studies have shown that crevasses
of reasonable geometries for latitudes consistent with Green-
land outlet glaciers can increase the local absorption of short-
wave radiation by > 50% (Warren, 2022). Fewer studies
have explored this feedback for crevasse orientations and lat-
itudes consistent with Antarctic outlet glaciers for present
and warmer future climates. We leave this as a promising
extension of the work presented here.

5 Conclusions

We present new observations of changes in the fracture be-
havior of the ice-sheet near surface of Thwaites Glacier and
its neighbors in the Amundsen Sea Embayment. Our re-
sults indicate that changes in the crevassed area are consis-
tent with increases in surface stresses in response to ongo-
ing ocean-driven acceleration. Although our observations are
consistent with observations of ice-sheet near-surface tensile
strength (∼ 82–164 kPa) determined from remote sensing,
these failure limits are lower than the failure limits predicted
by laboratory experiments conducted on solid ice. We have
shown that these inconsistencies can be resolved by account-
ing for the effects of firn porosity on near-surface tensile
strength. Using this model, we showed that the increase in
the crevassed area on Thwaites Glacier is consistent with the
increase in the area where effective surface stresses exceed
a critical tensile strength for the near-surface firn. We spec-
ulate that at present, because of the near-surface nature of
these features, surface crevassed area change appears to be a
symptom rather than a driver of acceleration and retreat in the
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ASE. The void space introduced by crevasses in the near sur-
face may not have a large effect on full-thickness failure rates
but likely does affect calculations of firn air content and sur-
face albedo in rapidly accelerating and crevassed areas of the
ice sheet. Finally, the ongoing collection of SAR images can
also be processed rapidly enough using an automated frame-
work (e.g., Izeboud and Lhermitte, 2023; Surawy-Stepney
et al., 2023a, b; and our work) that makes live crevasse de-
tection possible in areas where researchers are conducting
fieldwork.

Code and data availability. The fracture fields for Amundsen Sea
glaciers are available at the NSIDC. For live maps of crevasse
patterns in new locations, reach out to aoh2111@columbia.edu.
The scripts for creating the figures and crevasse propaga-
tion rate data products shown in this study are available at
https://doi.org/10.5281/zenodo.14994659 (Hoffman, 2025a). The
masking software used to build the georeferenced masks is available
at https://doi.org/10.5281/zenodo.14994657 (Hoffman, 2025b).

Video supplement. Videos of crevasse migration on Thwaites
Glacier are available at https://doi.org/10.5446/62770 (Hoffman,
2023a) and https://doi.org/10.5446/62771 (Hoffman, 2023b).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/tc-19-1353-2025-supplement.

Team list. The complete member list of the GHOST science team
can be found at https://thwaitesglacier.org/projects/ghost.

Author contributions. AOH and KC theorized the study. AOH
wrote the software to segment images and implemented the neu-
ral network crevasse detection method following the work of CYL.
AOH, KC and NH interpreted the radargrams collected by Oper-
ation IceBridge. IJ processed and created the velocity time series
used to calculate surface strain. AOH wrote the first draft of the
manuscript. All authors contributed to the editing of the manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The work was supported by a NASA FI-
NESST award (grant no. 80NSSC20K1627); the NASA Sea Level
Change team (grant no. 80NSSC17K0698); and the Geophysical
Habitat of Subglacial Thwaites (GHOST) project, a component of
the International Thwaites Glacier Collaboration (ITGC) supported
by the National Science Foundation and Natural Environment Re-
search Council (grant no. NSF-NERC-OPP-1738934).

Financial support. This research has been supported by
the National Aeronautics and Space Administration (grant
no. 80NSSC20K1627), the National Science Foundation (grant
no. OPP-1738934), and the National Aeronautics and Space
Administration (grant no. 80NSSC17K0698).

Review statement. This paper was edited by Bert Wouters and re-
viewed by William Colgan and three anonymous referees.

References

Abadi, M., Agarwal, A., Barham, P., Brevdo, E., Chen, Z., Citro,
C., Corrado, G. S., Davis, A., Dean, J., Devin, M., Ghemawat,
S., Goodfellow, I., Harp, A., Irving, G., Isard, M., Jozefow-
icz, R., Jia, Y., Kaiser, L., Kudlur, M., Levenberg, N., Mané,
D., Schuster, M., Monga, R., Moore, S., Murray, D., Olah, C.,
Shlens, J., Steiner, B., Sutskever, I., Talwar, K., Tucker, P., Van-
houcke, V., Vasudevan, V., Viégas, F., Vinyals, O., Warden, P.,
Wattenberg, M., Wicke, M., Yu, Y., and Zheng, X.: Tensor-
Flow: Large-scale machine learning on heterogeneous systems,
https://www.tensorflow.org/ (last access: June 2023), 2015.

Akeret, J., Chang, C., Lucchi, A., and Refregier, A.: Radio fre-
quency interference mitigation using deep convolutional neural
networks, Astron. Comput., 18, 35–39, 2017.

Alley, K. E., Scambos, T. A., Anderson, R. S., Rajaram, H., Pope,
A., and Haran, T. M.: Continent-wide estimates of Antarctic
strain rates from Landsat 8-derived velocity grids, J. Glaciol., 64,
321–332, https://doi.org/10.1017/jog.2018.23, 2018.

Alley, K. E., Wild, C. T., Luckman, A., Scambos, T. A., Truf-
fer, M., Pettit, E. C., Muto, A., Wallin, B., Klinger, M.,
Sutterley, T., Child, S. F., Hulen, C., Lenaerts, J. T. M.,
Maclennan, M., Keenan, E., and Dunmire, D.: Two decades
of dynamic change and progressive destabilization on the
Thwaites Eastern Ice Shelf, The Cryosphere, 15, 5187–5203,
https://doi.org/10.5194/tc-15-5187-2021, 2021.

Alley, R., Horgan, H., Joughin, I., Cuffey, K., Dupont,
T., Parizek, B., Anandakrishnan, S., and Bassis, J.: A
simple law for ice-shelf calving, Science, 322, 1344,
https://doi.org/10.1126/science.1162543, 2008.

Alley, R., Cuffey, K., Bassis, J., Alley, K., Wang, S., Parizek,
B., Anandakrishnan, S., Christianson, K., and DeConto, R.:
Iceberg Calving: Regimes and Transitions, Annu. Rev. Earth
Planet. Sci., 51, 189–215, https://doi.org/10.1146/annurev-earth-
032320-110916, 2023.

ASF DAAC: Alaska Satellilte Facility Distributed Active Archive
Center, contains modified Copernicus Sentinel data 2014–2022,
2014–2022.

https://doi.org/10.5194/tc-19-1353-2025 The Cryosphere, 19, 1353–1372, 2025

https://doi.org/10.5281/zenodo.14994659
https://doi.org/10.5281/zenodo.14994657
https://doi.org/10.5446/62770
https://doi.org/10.5446/62771
https://doi.org/10.5194/tc-19-1353-2025-supplement
https://thwaitesglacier.org/projects/ghost
https://www.tensorflow.org/
https://doi.org/10.1017/jog.2018.23
https://doi.org/10.5194/tc-15-5187-2021
https://doi.org/10.1126/science.1162543
https://doi.org/10.1146/annurev-earth-032320-110916
https://doi.org/10.1146/annurev-earth-032320-110916


1370 A. O. Hoffman et al.: Inland migration of near-surface crevasses in the Amundsen Sea Sector

Ashby, M. F. and Medalist, R. M.: The mechanical properties of
cellular solids, Metall. Trans. A, 14, 1755–1769, 1983.

Banwell, A. F., MacAyeal, D. R., and Sergienko, O. V.: Breakup
of the Larsen B Ice Shelf triggered by chain reaction drainage
of supraglacial lakes, Geophys. Res. Lett., 40, 5872–5876,
https://doi.org/10.1002/2013GL057694, 2013.

Bassis, J. N. and Walker, C. C.: Upper and lower lim-
its on the stability of calving glaciers from the yield
strength envelope of ice, P. Roy. Soc. A, 468, 913–931,
https://doi.org/10.1098/rspa.2011.0422, 2012.

Benn, D. I., Luckman, A., Åström, J. A., Crawford, A. J., Corn-
ford, S. L., Bevan, S. L., Zwinger, T., Gladstone, R., Al-
ley, K., Pettit, E., and Bassis, J.: Rapid fragmentation of
Thwaites Eastern Ice Shelf, The Cryosphere, 16, 2545–2564,
https://doi.org/10.5194/tc-16-2545-2022, 2022.

Berg, B. and Bassis, J.: Crevasse advection in-
creases glacier calving, J. Glaciol., 68, 977–986,
https://doi.org/10.1017/jog.2022.10, 2022.

Betterton, M. D.: Theory of structure formation in snowfields mo-
tivated by penitentes, suncups, and dirt cones, Phys. Rev. E, 63,
056129, https://doi.org/10.1103/PhysRevE.63.056129, 2001.

Bindschadler, R., Vornberger, P., Blankenship, D., Scambos, T.,
and Jacobel, R.: Surface velocity and mass balance of Ice
Streams D and E, West Antarctica, J. Glaciol., 42, 461–475,
https://doi.org/10.3189/s0022143000003452, 1996.

Cathles, L. M., Abbot, D. S., Bassis, J. N., and MacAyeal,
D. R.: Modeling surface-roughness/solar-ablation feedback:
application to small-scale surface channels and crevasses
of the Greenland ice sheet, Ann. Glaciol., 52, 99–108,
https://doi.org/10.3189/172756411799096268, 2011.

Cathles, L. M., Abbot, D. S., and MacAyeal, D. R.: Intra-
surface radiative transfer limits the geographic extent of snow
penitents on horizontal snowfields, J. Glaciol., 60, 147–154,
https://doi.org/10.3189/2014JoG13J124, 2014.

Chudley, T. R., Christoffersen, P., Doyle, S. H., Dowling, T. P. F.,
Law, R., Schoonman, C. M., Bougamont, M., and Hubbard,
B.: Controls on Water Storage and Drainage in Crevasses on
the Greenland Ice Sheet, J. Geophys. Res.-Earth Surf., 126,
e2021JF006287, https://doi.org/10.1029/2021JF006287, 2021.

Clerc, F., Minchew, B. M., and Behn, M. D.: Marine Ice Cliff Insta-
bility Mitigated by Slow Removal of Ice Shelves, Geophys. Res.
Lett., 46, 12108–12116, https://doi.org/10.1029/2019GL084183,
2019.

Colgan, W., Rajaram, H., Abdalati, W., McCutchan, C., Mottram,
R., Moussavi, M. S., and Grigsby, S.: Glacier crevasses: Obser-
vations, models, and mass balance implications, Rev. Geophys.,
54, 119–161, https://doi.org/10.1002/2015rg000504, 2016.

Cook, A. J. and Vaughan, D. G.: Overview of areal changes of the
ice shelves on the Antarctic Peninsula over the past 50 years,
The Cryosphere, 4, 77–98, https://doi.org/10.5194/tc-4-77-2010,
2010.

Crawford, A. J., Benn, D. I., Todd, J., Åström, J. A., Bassis, J. N.,
and Zwinger, T.: Marine ice-cliff instability modeling shows
mixed-mode ice-cliff failure and yields calving rate parameteri-
zation, Nat. Commun., 12, 2701, https://doi.org/10.1038/s41467-
021-23070-7, 2021.

Davis, P. E. D., Nicholls, K. W., Holland, D. M., Schmidt, B. E.,
Washam, P., Riverman, K. L., Arthern, R. J., Vaňková, I., Eayrs,
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